Black cohosh rhizome, available as a dietary supplement, is most commonly marketed as a remedy for dysmenorrhea and menopausal symptoms. A previous subchronic toxicity study of black cohosh dried ethanolic extract (BCE) in female mice revealed a dose-dependent ineffective erythropoiesis with a macrocytosis consistent with the condition known as megaloblastic anemia. The purpose of this study was to investigate potential mechanisms by which BCE induces these particular hematological changes. B6C3F1/N female mice (32/group) were exposed by gavage to vehicle or 1,000 mg/kg BCE for 92 days. Blood samples were analyzed for hematology, renal and hepatic clinical chemistry, serum folate and cobalamin, red blood cell (RBC) folate, and plasma homocysteine and methylmalonic acid (MMA). Folate levels were measured in liver and kidney. Hematological changes included decreased RBC count; increased mean corpuscular volume; and decreased reticulocyte, white blood cell, neutrophil, and lymphocyte counts. Blood smear evaluation revealed increased Howell-Jolly bodies and occasional basophilic stippling in treated animals. Plasma homocysteine and MMA concentrations were increased in treated animals. Under the conditions of our study, BCE administration caused hematological and clinical chemistry changes consistent with a functional cobalamin, and possibly folate, deficiency. Further studies are needed to elucidate the mechanism by which BCE causes increases in homocysteine and MMA.
no change in the reticulocyte count and an increase in the mean corpuscular volume (MCV; Mercado-Feliciano et al. 2012) . Similar changes were observed in rats. These particular changes indicated an ineffective erythropoiesis consistent with a condition known as megaloblastic anemia.
Despite its given name, megaloblastic anemia is a dyshematopoietic condition that affects all cell lines and is due to disruptions in DNA synthesis during hematopoiesis; however, abnormalities of the erythroid series are usually the most predominant feature. Within the erythroid series, DNA disruptions lead to increased rates of erythroid precursor cell death (apoptosis) , resulting in an ineffective erythropoiesis (Koury et al. 1997; Koury, Price, and Hicks 2000) . RBCs surviving to maturity are larger in size (macrocytosis) due to asynchronous maturation. Megaloblastic anemia results from inherited (e.g., orotic aciduria) or drug-induced (e.g., pyrimidine antagonists, antiviral) disorders of DNA synthesis or are a consequence of a folate or cobalamin (vitamin B 12 ) deficiency (Koury 2014; Means and Glader 2014) . Deficiencies in folate and cobalamin cause a megaloblastic anemia because they both are essential for several reactions involved in DNA synthesis. Causes of folate and cobalamin deficiencies are many and include inadequate intake, changes in bacterial gut flora, altered enterobiliary secretions (e.g., decreased intrinsic factor, hypochlohydria), interference with their intestinal uptake (e.g., colchicine), or inhibition of enzymes involved in their normal metabolism (e.g., methotrexate; Camel 2014; Hesdorffer and Longo 2015; Stabler 2013; Waxman, Corcino, and Herbert 1970) . The purpose of this study was to investigate a functional cobalamin or folate deficiency as a potential explanation for the hematological changes observed in the NTP BCE subchronic mouse toxicity study. In order to determine whether BCE induces a deficiency, several analyses were performed including serum folate and cobalamin levels, plasma homocysteine and methylmalonic acid (MMA) levels, and select tissue folate levels.
Material and Methods

BCE Chemical Characterization and Dose Formulation
Test article procurement and characterization and dose formulation development studies are described elsewhere (Mercado-Feliciano et al. 2012) . Dose formulations of BCE were prepared in 0.5% aqueous methylcellulose at 100 mg/ml. Formulations were analyzed to determine BCE concentration with isoferulic acid as the marker compound. All BCE formulations were within 10% of the target concentration. Formulations were stored refrigerated (*5 C) and used within the 43-day stability period.
Animals and Animal Husbandry
Sixty-four, 4-week-old female B6C3F1/N mice were obtained from Taconic Biosciences (Germantown, NY) . Upon receipt at the Alion animal facility (Research Triangle Park, NC), the mice were quarantined for 12 or 13 days depending on study start. Mice were grouped and housed up to 5 animals per cage. Animal rooms were maintained under a 12:12 light:dark cycle. NTP-2000 pelleted feed (Zeigler Brothers, Inc., Gardners, PA) and tap water were provided ad libitum. Animal use was in accordance with the Guide for the Care and Use of Laboratory Animals (Institute for Lab Animal Research 2011) in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All procedures were approved by Alion Science and Technology Animal Care and Use Committee.
Study Design
Mice were exposed daily to vehicle (0.5% methylcellulose; n ¼ 32) or 1,000 mg/kg BCE (n ¼ 32) by gavage in a volume of 10 ml/kg for 92 days. The 1,000 mg/kg dose was chosen, as it was the high dose used in the NTP subchronic mouse study and was selected to maximize the hematological effect for mechanistic evaluation. Animal weights were obtained weekly, and dosing volume was adjusted according to the most recent body weight. The final dose was given the day prior to terminal sacrifice.
Within each treatment group, the mice were randomly divided into 3 cohorts with 3 different blood sample collection methods at study termination. The cohorts were as follows: animals for collection of blood into tubes containing ethylenediaminetetraacetic acid (EDTA; n ¼ 10/group), animals for the collection of blood into tubes devoid of anticoagulant (n ¼ 10/ group), and animals for collection of blood into tubes containing heparin (n ¼ 12/group). To ensure blood collection within an appropriate time window for the processing of the blood samples (i.e., to minimize sources of preanalytical variation), terminal blood collection was performed on 2 consecutive days. Before the study start, the same numbers of mice from each group within the different cohorts were randomly selected for 1 of 2 consecutive study termination days (i.e., 32 mice were bled on each of the 2 days); treatment length was equal due to staggered start dates. At study termination, blood was collected from the retro-orbital sinus under isoflurane anesthesia and placed into the appropriate blood tubes.
Serum Folate and Cobalamin Levels; Kidney and Liver Clinical Chemistry
Blood collected in tubes void of an anticoagulant was allowed to clot for at least 30 min and then centrifuged. The serum was then harvested and frozen at À80 C until analysis. Serum folate (as 5-methyl-tetrahydrofolate [THF]) and cobalamin (as cyanocobalamin) concentrations were measured using an MP biomedical SimulTRAC-SNB radioassay kit for vitamin B 12 ( 57 CO)/folate ( 125 I; MP Biomedical, Santa Ana, CA) and performed according to the manufacturer's specifications using an Apex automatic gamma counter (ICN Micromedic Systems, Inc., Huntsville, AL). Preliminary analyses of murine sera were done prior to the study. Normal baseline murine folate and cobalamin serum levels are 10 to 100 times higher than humans as measured by radioimmunoassay (Bottiglieri et al. 2012; Cabelof et al. 2004; Leamon et al. 2008; Troen et al. 2008) , thus analyses of serum dilutions were performed. Two levels of control material were also analyzed. The intra-and interassay coefficient of variation for folate was 7% and 7.6%, respectively, and for cobalamin 2.1% and 8.2%, respectively. Based on dilution studies and because the highest supplied standard was 2,000 pg/ml and 20 ng/ml for cobalamin and folate, respectively, the serum samples from the BCE study were diluted to 1:21 for analysis. The following clinical chemistry parameters were analyzed on an Olympus AU400e chemistry analyzer (Olympus America, Inc., Irvin, TX) using reagents obtained from Beckman Coulter (Brea, CA): creatinine, alanine aminotransferase, aspartate aminotransferase, and alkaline phosphatase. All serum samples' analyses were run in one batch on their respective analyzers.
Hematology and RBC Folate Levels
Blood collected into the EDTA tubes was used for the analysis of complete blood count (CBC) and RBC folate concentrations. The following CBC parameters were analyzed using an ADVIA 2120i hematology analyzer (Siemens, Malvern, PA) within 2 hr of blood collection: RBC count, hemoglobin concentration, hematocrit, MCV, mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), reticulocyte count, white blood cell (WBC) count and differential, and platelet count. Blood smears were prepared and stained with Wright-Giemsa stain. Blood smears were examined microscopically to document any abnormal erythrocyte or leukocyte morphologies (performed by M.C.C.). Since Howell-Jolly (HJ) body numbers were increased in the initial NTP subchronic study, HJ body numbers were evaluated semiquantitatively as follows: within the monolayer of the blood smears, the number of HJ bodies per ten, 50Â oil-objective fields (high-power field [HPF]) was recorded for each animal.
After completion of the CBC analysis, the EDTA whole blood was assayed for RBC folate using a SimulTRAC-SNB radioassay kit for vitamin B 12 ( 57 CO)/folate ( 125 I; see above for more details). An RBC hemolysate was prepared according to the manufacturer's instructions using a 0.2% ascorbic acid solution and then frozen at À80 C until analysis. RBC folate (as 5-methyl-THF) levels were measured according to the manufacturer's specifications.
Total Homocysteine and MMA Levels
Blood collected into the heparinized tubes was centrifuged, and the plasma was harvested. Total homocysteine was measured the same day as blood collection on an Olympus AU400e using a Diazyme Homocysteine 2 Reagent Enzymatic Assay kit (Poway, CA) and performed according to manufacturer's specifications. Any remaining plasma was frozen at À80 C for MMA analysis.
Studies analyzing homocysteine levels in murine plasma using the Diazyme kit were performed prior to start of the BCE study. The intra-and interassay CVs were 2.3% and 1.8%, respectively. Results were within the reported linearity of the assay (up to 50 mmol/L) and similar to reported murine homocysteine plasma levels (Bottiglieri et al. 2012; Ernest et al. 2005; Troen et al. 2008) .
For analysis of MMA, 25 ml of plasma was combined with the internal standard (MMA-d3), 25 ml of water, and 250 ml of acetonitrile. The resulting supernatant was analyzed on a Waters Acquity Ultra Pressure Liquid Chromatograph (Milford, MA) equipped with a Sciex 4000 QTRAP mass spectrometer (Framingham, MA). The mass spectrometer was operated in negative electrospray ionization mode, and the ions monitored were m/z 117 ! 73 (MMA) and m/z 120 ! 76 (MMA-d3). Chromatography was performed on a Merck SeQuant Zic-HILIC column (100 Â 2.1 mm, 3.5 mm; EMD Millipore, Billerica, MA) and isocratic conditions using 20% 100-mM ammonium acetate in water (pH 4.5) and 80% acetonitrile at a flow rate of 0.4 ml/min. The analytical method was qualified over the concentration range 20 to 2,000 ng/ml. The method was linear (r ! .99), accurate (percent relative error +20% at the limit of quantitation [LOQ] and +15% for all other concentrations), and precise (percent relative standard deviation +20% at the LOQ and +15% for all other concentrations). The LOQ of the method was 11.0 ng/ml.
Dihydrofolate Reductase (DHFR) Assay
A DHFR assay kit (Sigma-Aldrich, Saint Louis, MS) was used to evaluate whether BCE inhibits DHFR enzyme. The assay was preformed according to manufacturer's specifications. Briefly, the assay is based on the ability of DHFR enzyme to catalyze the reversible NADPH-dependent reduction of dihydrofolic acid to tetrahydrofolic acid by measuring the decrease in absorbance at 340 nm with the use of a spectrophotometer (Beckman Coulter DU800). Methotrexate was used as a positive control, while the negative control was the complete reaction without the DHFR enzyme. Measurements were taken every 15 sec over 30 min. Based on pilot studies to ascertain solubility, the BCE was tested at a concentration of 50 mg/ml dissolved in 1% dimethyl sulfoxide (DMSO). Pilot studies showed that this concentration of DMSO did not inhibit DHFR enzyme activity.
Liver and Kidney Tissue Folate Levels
The left lateral liver lobe and the left kidney were collected from the cohort of animals that had blood collected into heparin tubes. The samples were cut into cubes, flash frozen, and stored at À80 C until analysis. For analysis of liver and kidney THF and 5-methyl-THF, homogenates were prepared with approximately 200 mg of each tissue and the equivalent buffer volume containing 50-mM phosphate buffer, pH 7, with 1% ascorbate and 0.1% b-mercaptopropanol. Fifty microliters of homogenate were transferred into boil-proof tubes (Axygen, Fisher Scientific, Pittsburgh, PA) and combined with 50 ml of 5formyl THF (internal standard in buffer) and 250 ml buffer.
The tubes were placed in a boiling water bath for *1 min and then cooled on ice for *5 min. The supernatant was passed through a 10-kDa molecular weight cutoff membrane filter (Amicon, MilliporeSigma, Darmstadt, Germany), and the resulting supernatant was analyzed on a Waters Acquity Ultra Pressure Liquid (UPLC) Chromatograph (Milford, MA) equipped with a Sciex 4000 QTRAP mass spectrometer (Framingham, MA). The mass spectrometer was operated with positive electrospray ionization mode, and the ions monitored were 460 ! 313 for 5-methyl-THF, 446 ! 299 for THF, and 474 ! 327 for internal standard. Chromatography was performed on a Waters Acquity UPLC HSS T3 column (2.1 Â 100 mm, 1.8 mm) and isocratic conditions using 0.1% acetic acid in water and 0.1% acetic acid in acetonitrile at a flow rate of 0.3 ml/min. The analytical method was qualified over a concentration range of 5 to 5,000 ng/ml for 5-methyl-THF and 50 to 50,000 ng/ml for THF.
Statistical Methods
Prior to statistical analysis, data indicated as less than the LOQ were replaced by one-half the LOQ. Because the testing for homocysteine and CBC was run in 2 batches, batch-to-batch differences were tested by Mann-Whitney tests within each of the vehicle control group and the treated group. No differences were identified. All test data and the combined homocysteine and CBC data (from the 2 batches) were analyzed using onesided Mann-Whitney tests to compare vehicle control to the treated group. Initial and final body weights and absolute and percent body weight gains were normally distributed with equal variances between the 2 groups, so 2-sample t tests were used to compare body weights and body weight gains. Statistical analyses were conducted using SAS 9.3 (SAS Institute, Cary, NC).
Results
Survival and Body Weights
There were no compound-related decreases in survival. Differences in body weight and body weight gains were statistically significant between the control and treated animals (p < .001). Average terminal body weight of the control mice (n ¼ 30) was 30.5 g and of the treated mice (n ¼ 29) was 26.8 g; the average terminal body weight of treated mice was 88% of that in the control group. The weight gained by the treated group was 66.3% of the weight gained by the control group.
CBC and Blood Smear Evaluation
Hematology data are shown in Table 1 . The RBC count (p < .001) and reticulocyte (p ¼ .007) count were significantly lower in the treated group than in the control group, while the MCV and MCH were significantly higher in the treated group than in the control group (p < .001) and the MCHC was unchanged. Hemoglobin concentration and hematocrit values did not differ significantly between the treated groups and the control groups. The WBC count (p < .001), neutrophil count (p ¼ .004), and lymphocyte count (p < .001) were significantly lower in the treated group than in the control group.
On blood smear evaluation, HJ bodies were more frequent (p < .0001) in the treated group, averaging more than twice as many per animal as in the control group (Figures 1 and 2) . Rare to occasional (0-4 erythrocytes/10 HPFs) basophilic stippling was observed on the blood smears of the treated animals (Figure 3) . A mild anisocytosis, as compared to concurrent controls, was noted on many of the treated animals' blood smears. Leukocytes and platelets were observed to be morphologically unaffected.
Folate and Cobalamin Levels and RBC Folate Levels
No significant differences were found between the control and treated group for serum folate and cobalamin concentrations and RBC folate concentrations (Table 2) . Control levels of serum folate and cobalamin were similar to those reported in the literature (Bottiglieri et al. 2012; Cabelof et al. 2004; Leamon et al. 2008; Troen et al. 2008 ).
Total Homocysteine and MMA Levels, Liver and Kidney Clinical Chemistry
Results are listed in Table 2 . Homocysteine (p ¼ .008) and MMA (p < .001) were both significantly higher in the treated group, with MMA levels 3.2 times higher in the treated group compared to the control group. Homocysteine control levels were similar to those reported in the literature (Bottiglieri et al. 2012; Ernest et al. 2005; Troen et al. 2008) . No significant differences were found between the control and treated group for serum liver and kidney biomarkers. 
Liver and Kidney Tissue Folate Levels
Total folate tissue concentrations were calculated as the sum of the measured THF and 5-methyl-THF (Table 3 ). No significant differences were observed between control and treated groups' levels of liver 5-methyl-THF, THF, and total folate. A small but statistically significant (p ¼ .02) higher level of kidney total folate was observed in the treated group; no significant difference was observed in kidney 5-methyl-THF and THF between the treated and control groups.
Dihydrofolate Reductase Assay
At 50 mg/ml, BCE did not inhibit DHFR; absorbance steadily decreased over 30 min from a starting point of 40% down to 7% (data not shown). All controls performed as expected.
Discussion
BCE is a widely available dietary supplement, currently marketed for the alleviation of dysmenorrhea and menopausal symptoms, and is one of the top-selling herbal supplements (Smith et al. 2015) . The current study was undertaken in an effort to begin to ascertain the mechanism by which BCE induced the hematological changes observed in the mice of the NTP subchronic toxicity study. This study confirmed the previous findings from the NTP study in that exposure to BCE caused a decrease in the RBC count with an increase in MCV (macrocytosis) and MCH as well as increases in HJ bodies in the peripheral blood. In addition, while folate and cobalamin levels were unchanged, 2 biomarkers that are used for the diagnosis or confirmation of folate and cobalamin deficiencies-homocysteine and MMA-were both elevated. The combination of these findings suggests a BCE-induced functional deficiency of cobalamin and possibly folate. Deficiencies in folate and cobalamin ultimately result in the development of a condition known as megaloblastic anemia, which, despite its name, is a disorder that can affect all 3 hematopoietic cell lines. Megaloblastic anemia is a result of deranged DNA synthesis. Folate, in the form of THF coenzymes, is involved in several interrelated metabolic cycles (Figure 4; Carmel 2014; Shane 2013) related to DNA and RNA synthesis. These cycles include those required for the synthesis of thymidylate and purines (deoxyguanosine triphosphate [dGTP] and deoxyadenosine triphosphate [dATP]), precursors for DNA and RNA synthesis, and for the synthesis of methionine from homocysteine; the synthesis of methionine from homocysteine requires cobalamin as a cofactor. In addition, folate, through the methionine cycle, is indirectly involved in the methylation of cytosines in DNA, among others (Shane 2013; Stover 2009 ). With cobalamin deficiency, the forms of THF needed for purine and thymidylate synthesis decrease. Thus, with either folate or cobalamin deficiency, DNA synthesis is ultimately impaired, which, in the case of the erythron, leads to cell death of many of the immature erythroid cells (Koury et al. 1997) . The decreased numbers of erythroid cells surviving to maturity leads to an anemia (i.e., ineffective erythropoiesis), while the surviving cells give rise to larger than normal erythrocytes, which is reflected in an increase in the MCV (Koury et al. 1997 ). The increased cell size is due to an asynchronous maturation: during the delays in DNA replication and cell division that occur with these deficiencies, the erythroid precursors continue to synthesize proteins (mostly in the form of hemoglobin), resulting in an enlarged cell (Koury 2014; Means and Glader 2014) . Additionally, in humans, giant band cells and metamyelocytes can be seen in the bone marrow and hypersegmented neutrophils observed in the peripheral blood (Carmel 2014) .
In humans with deficiencies of folate or cobalamin, the characteristic erythroid changes generally occur slowly over time as the deficiency worsens, with anemia (defined as a decrease in hemoglobin concentration) occurring as a late event (Carmel 2014) . There is a gradual rise in the MCH and then the MCV that will eventually rise outside of the normal reference interval. Weeks to months later, the RBC counts and hemoglobin concentrations will begin to fall with the RBC count decreases usually preceding the fall in hemoglobin concentrations. As such, it is not unusual to observe a macrocytosis in the face of normal hemoglobin concentrations in less advanced deficiencies (Carmel 1979 (Carmel , 2014 Hall 1981; Herbert 1962) . Additionally, decreases in WBCs and platelets may also occur culminating in a pancytopenia.
After approximately 3 months of daily treatment with BCE, the treated mice weighed on average 12% less than the control mice. These findings are consistent with other studies reporting on the effects of cobalamin or folate deficiencies in mice (Bills et al. 1992; Salojin et al. 2011; Troen et al. 2008) . Treated mice had increases in the MCH and MCV with lower RBC counts and reticulocytes counts than control mice, but the hemoglobin concentration did not differ, suggesting an earlier manifestation of the disorder. The WBC count, neutrophil count, and lymphocyte count were also lower and considered treatment related. On blood smear evaluation, the treated mice had more HJ bodies as compared to the control mice (Figures 1 and 2) . In addition, rare to occasional erythrocytic basophilic stippling was observed on the blood smears of the treated mice ( Figure  3) ; basophilic stippling represents ribosome aggregates and is associated with abnormal alterations in erythropoiesis (dyserythropoiesis). HJ bodies, also known as micronuclei, are whole or fragmented chromosomes that lag behind during production and maturation of RBCs. HJ bodies are used as biomarkers of chromosomal damage (Everson et al. 1988; Fenech 2012) , and increases in HJ bodies are a nonspecific feature of dyserythropoiesis. The increased frequency of HJ bodies observed on the peripheral blood smears of treated mice in this study supported the increased micronucleated RBCs (p < .0001; as measured by flow cytometry) observed in the treated mice of the BCE subchronic toxicity study (Mercado-Feliciano et al. 2012) . Increased micronucleus formation is significantly correlated with deficiencies in both folate and cobalamin (Fenech 2012) . Hypersegmented neutrophils, typical of folate and cobalamin deficiencies in humans, were not observed in this study. However, most murine neutrophil nuclei are twisted or ringlike with areas that may be folded onto themselves and usually, but not always, lack the distinct filamentous chromatin (as is typically seen in human neutrophils) that separates nuclear segments (Zhou et al. 2015) . Thus, evaluating for neutrophilic hypersegmentation in cases of dysmyelopoiesis (or myelodysplastic syndromes) in murine neutrophils can be challenging (Zhou et al. 2015) . While bone marrow smear evaluation was not done in this study, bone marrow smears were evaluated as part of a 3-month interim study of the NTP BCE mouse 2-year bioassay (report in preparation). Preliminary data indicate dysplastic changes in the metarubricytes as well as a macrocytosis and decreased RBC count on the CBC. Dysplastic findings (identified by M.C.C.) included low incidences of multilobulated nuclei, micronuclei, and nuclear to cytoplasmic asynchrony of the erythroid series as compared to concurrent controls.
Homocysteine and MMA are metabolites measured for the diagnosis, confirmation, and differentiation of folate and cobalamin deficiencies (Savage et al. 1994; Klee 2000) . In mammals, only 2 cobalamin-dependent enzyme reactions are known to exist (Shane 2013) . As previously discussed, cobalamin (as methylcobalamin) is a cofactor for the methylation of homocysteine to methionine, in which 5-methyl-THF serves as a methyl donor ( Figure 4) ; therefore, deficiencies in either folate or cobalamin result in an accumulation of serum homocysteine. The other cobalamin-dependent enzyme reaction involves the conversion of methylmalonyl-coenzyme A (CoA) to succinyl-CoA, where cobalamin (as adenosylcobalamin) serves as a cofactor for the enzyme methylmalonyl-CoA mutase ( Figure  5) . A cobalamin deficiency will lead to the accumulation of methylmalonyl-CoA and its hydrolysis product of MMA. Hence, increases in homocysteine may indicate a folate or cobalamin deficiency, while increases in MMA are specific only for the diagnosis of a cobalamin deficiency.
In the treated mice, the serum folate and cobalamin concentrations were no different than the control animals; however, both plasma MMA and total homocysteine were elevated. In humans, homocysteine and MMA usually increase in the early stages of deficiency before measurable decreases in serum folate or cobalamin and, therefore, are considered more sensitive markers for deficiency than serum levels of the vitamins themselves (Holleland et al. 1999; Kang, Wong, and Norusis 1987; Refsum et al. 2004 ). Thus, although cobalamin levels were unchanged, the findings of a macrocytosis with a decreased RBC count, increased HJ bodies, morphological changes consistent with a dyserythropoiesis, decreased leukocyte counts, and elevations in homocysteine and MMA strongly support a perturbation of cobalamin metabolism. Because homocysteine does not differentiate between a folate or cobalamin deficiency, the possibility of a concurrent functional deficiency of folate cannot be ruled out. In humans, increased levels of homocysteine and MMA are also associated with renal failure; however, creatinine levels were unchanged in the treated mice and, in the previous BCE subchronic study, no renal histologic lesions were observed (Mercado-Feliciano et al. 2012) .
In addition to serum folate levels, liver and kidney tissue folate levels were measured. A small but statistically significant increase in total kidney folate (THF þ 5-methyl-THF) was observed, while the individual levels of kidney THF and 5methyl-THF were unchanged. In the limited reports of mouse kidney folate levels as they relate to folate deficiencies and in which there were similar hematological and biochemical findings (e.g., increased homocysteine) as the current study, kidney folate levels were decreased (Bills et al. 1992; Salojin et al. 2011) ; mouse studies regarding tissue vitamin levels in cases of cobalamin deficiency were not found in the literature. In light of these reported findings as well as those of the current study, the significance of the small increase in total kidney folate is uncertain and may represent biological variability.
There are many well-known causes of a functional folate or cobalamin deficiency. Small intestinal bacterial overgrowth can lead to cobalamin deficiency because the bacteria take up cobalamin and may compete with intrinsic factor (a cobalamin-binding protein) for it (Carmel 2014) . Many compounds interfere with folate and cobalamin absorption or distribution. These include ethanol (folate), anticonvulsant agents (folate; e.g., phenytoin, phenobarbital), aminosalicylic acid (folate and cobalamin), metformin (cobalamin), colchicine (cobalamin), and proton pump inhibitors (cobalamin; Carmel 2014; Hesdorffer and Lango 2015; Waxman, Corcino, and Herbert 1970) . Other compounds specifically interfere with the metabolism of folate by way of enzyme inhibition, most commonly of the enzyme DHFR (Figure 4 ). Methotrexate and pemetrexed are two well-known inhibitors of DHFR. To ascertain whether BCE inhibits DHFR, BCE was tested with a DHFR assay. Results of this assay did not support BCE, at a concentration of 50mg/ml, as an inhibitor of DHFR.
The BCE lot used in this study was the same as that of the subchronic toxicity study. On chromatographic profiles, the BCE lot was similar to that of Remifemin ® tablets (Mercado-Feliciano et al. 2012) . Remifemin tablets are a commercial product containing BCE and are readily available to the general public. Most clinical research on black cohosh has been conducted using Remifemin (AHP 2002) .
While this study elucidates changes in mice, direct extrapolation of our results to humans is difficult, given that there are species differences between folate and cobalamin requirements, storage, and metabolism. In addition, BCE preparations are variable natural mixtures of compounds, and it is not known which of these compounds are active. The mice in the current study were dosed relatively high at 1,000 mg/kg; however, hematological effects were observed as low as 62.5 mg/kg (low-dose group) in the subchronic study (Mercado-Feliciano et al. 2012 ). In addition, similar CBC changes were observed in the NTP subchronic rat BCE study (Mercado-Feliciano et al. 2012) . The typical recommended daily dose of BCE for humans is 40 mg daily, which is approximately 0.5 mg/kg for a 70 kg person. The potential that low doses of BCE may cause or contribute to a functional cobalamin deficiency in humans warrants investigation, especially in light of the fact that cobalamin deficiency is encountered with some frequency in older human patients and is most commonly caused by a foodcobalamin malabsorption (Andrès et al. 2003 (Andrès et al. , 2007 .
In conclusion, administration of BCE to female B6C3F1/N mice caused hematological and biochemical changes consistent with a functional cobalamin deficiency. Further, the possibility of a functional folate deficiency could not be ruled out. While serum folate and cobalamin levels were no different than controls, the hematological changes and increases in homocysteine and MMA support a perturbation of cobalamin metabolism. Further studies are needed to fully characterize bone marrow changes, as they relate to BCE treatment in mice and to elucidate the mechanisms by which administration of BCE to mice causes increases in homocysteine and MMA. Sciences Laboratory, Research Triangle Park, NC. Dose formulation work was done at the facilities of Battelle Memorial Institute, Columbus, OH. Mass spectrometry and LS were performed at RTI International, Research Triangle Park, NC.
